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Subunit Composition of Kainate Receptors
in Hippocampal Interneurons
to assemble in a tetrameric stoechiometry, could be
very diverse, given the large combinatorial possibilities
suggested by KAR subunit mRNA distribution (Wisden
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Geoffrey T. Swanson,† Corinne Brana,*
Stephen O’Gorman,‡ Bernhard Bettler,†
and Seeburg, 1993; Bischoff et al., 1997). GluR5, GluR6,and Stephen F. Heinemann†
and GluR7 function as homomeric recombinant recep-*Centre National de la Recherche Scientifique
tors (Bettler et al., 1990; Egebjerg et al., 1991; Herb etUMR 5091
al., 1992; Schiffer et al., 1997). KA1 and KA2 associateInstitut Franc¸ois Magendie
with these subunits to form heteromeric receptors withUniversite´ Bordeaux 2
distinct pharmacological proeprties (Herb et al., 1992;33000, Bordeaux
Schiffer et al., 1997). Recently, GluR5 and GluR6 haveFrance
been shown to assemble in recombinant systems to†Molecular Neurobiology Laboratory
generate receptors with novel functional properties (Cui‡Gene Expression Laboratory
and Mayer, 1999; Paternain et al., 2000). Single-cell RTThe Salk Institute for Biological Studies
PCR analysis and double in situ hybridization studies10010 North Torrey Pines Road
have given evidence for coexpression of these subunitsLa Jolla, California 92037
in some neurons (Ruano et al., 1995; Bureau et al., 2000;
Cauli et al., 2000; Paternain et al., 2000). However, it is
not known whether these subunits assemble to form
native KARs. Detailed knowledge of the subunit compo-Summary
sition of native KARs will help to develop selective phar-
macological tools and will be especially useful for aKainate receptor activation affects GABAergic inhibi-
better understanding of the various functions played bytion in the hippocampus by mechanisms that are
KARs in synaptic transmission.thought to involve the GluR5 subunit. We report that
KARs are involved in many different aspects of synap-disruption of the GluR5 subunit gene does not cause
tic transmission and its modulation in the hippocampus,the loss of functional KARs in CA1 interneurons, nor
the brain area that is the focus of most recent researchdoes it prevent kainate-induced inhibition of evoked
in the field of KARs. In the hippocampus, KARs contrib-GABAergic synaptic transmission onto CA1 pyramidal
ute to excitatory postsynaptic currents at the mossycells. However, KAR function is abolished in mice lack-
fiber synapse onto CA3 pyramidal cells (Castillo et al.,ing both GluR5 and GluR6 subunits, indicating that
1997; Vignes and Collingridge, 1997; Mulle et al., 1998)KARs in CA1 stratum radiatum interneurons are het-
and at excitatory synapses onto CA1 interneurons (Cos-eromeric receptors composed of both subunits. In ad-
sart et al., 1998; Frerking et al., 1998). Activation of KARsdition, we show the presence of presynaptic KARs
also modulates excitatory (Chittajallu et al., 1996; Kam-comprising the GluR6 but not the GluR5 subunit that
iya and Ozawa, 1998; Vignes et al., 1998; Kamiya andmodulate synaptic transmission between inhibitory in-
Ozawa, 2000) and inhibitory (Clarke et al., 1997; Rodri-terneurons. The existence of two separate populations
guez-Moreno et al., 1997; Cossart et al., 1998; Frerkingof KARs in hippocampal interneurons adds to the com-
et al., 1998; Bureau et al., 1999; Min et al., 1999) synaptic
plexity of KAR localization and function.
currents in CA1 pyramidal cells. It appears that this ef-
fect is, at least in part, mediated by the activation of
Introduction KARs located in the somatodendritic compartment of
GABAergic interneurons (Frerking et al., 1998, 1999).
The principal excitatory neurotransmitter in the brain, Whether KARs are located on axon terminals, where
glutamate, mediates fast synaptic transmission through their activation could directly regulate transmitter re-
three classes of ionotropic receptors: N-methyl-D-aspar- lease, remains controversial. Finally, KARs were recently
tate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole shown to play a major role in mossy fiber long-term
propionic acid (AMPA), and kainate receptors (KARs). potentiation in CA3 pyramidal cells (Bortolotto et al.,
The family of KARs is composed of five different genes 1999).
that code for the subunits GluR5, GluR6, GluR7, KA1, An important question is whether the various func-
and KA2 (Bettler and Mulle, 1995; Chittajallu et al., 1999). tions subserved by KARs in the hippocampus arise from
The separation of AMPA and KARs has been difficult, various KARs with distinct subunit compositions. All
and only recently the development of more selective KAR subunits are expressed in the hippocampus: GluR6
agonists and antagonists, as well as the use of modern is primarily expressed in CA1 and CA3 pyramidal cells
genetic tools, has given proof of the role of KARs in together with the KA1 and KA2 subunits (Wisden and
synaptic transmission (Lerma et al., 1997; Frerking and Seeburg, 1993; Bureau et al., 1999). In the absence of
Nicoll, 2000). GluR6 selective antagonists, the use of GluR6-deficient
The subunit composition of KARs, which are thought mice has clearly demonstrated the presence of GluR6-
containing KARs in these two populations of neurons.
GluR6-containing KARs participate in synaptic trans-§ To whom correspondence should be addressed (e-mail: mulle@
mission at the mossy fiber–CA3 pyramidal cell synapseu-bordeaux2.fr).
k These authors contributed equally to this work. but not at commissural synapses (Castillo et al., 1997),
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Figure 1. Generation of GluR5-Deficient Mice
(A) Genomic map of the GluR5 locus around
the exon coding for the MD2 domain.
(B) The targeting vector containing a neomy-
cin resistance marker under the control of a
phosphoglycerate kinase promoter (pgk-
neo). The hatched box TK denotes a thymi-
dine kinase domain of the targeting vector
used for counter selection against nonhomol-
ogous integration.
(C) An illustration of the GluR5 locus after
homologous recombination.
(A–C) Abbreviations for restriction sites are:
E, EcoRI; S, SacI; C, ClaI.
(D and E) Southern blot hybridization analysis
of mouse genomic tail DNA from wild-type
(1/1), heterozygous (1/2), and homozygous
mutant (2/2) mice using probe A on SacI-
digested DNA (D), and probe B on EcoRI-
digested DNA (E) (for location of the probe
sequences see Figure 1A).
(F) Receptor autoradiography using [3H]kai-
nate on coronal sections from wild-type and mutant mice.
(G) Representative whole-cell recording from a dorsal root ganglion neuron from a wild-type mouse (top) and from a GluR52/2 mouse (bottom).
Domoate is applied as indicated by the white box. 100 mM GYKI 53655 and 50 mM D-APV are present throughout the recording in order to
block AMPA and NMDA receptors, respectively.
Scale bars: time 51 s and amplitude 5 100 pA. Right graph: summary of the recordings from 33 wild-type and 17 knockout DRG neurons.
There is no whole-cell current observed during domaote application in each knockout mouse tested.
nor at excitatory synapses onto CA1 pyramidal cells Results
(Bureau et al., 1999). Unexpectedly, the use of reportedly
selective agonists and antagonists for the recombinant Generation and Molecular Analysis
GluR5 subunit, such as ATPA, LY29358, and LY382884, of GluR52/2 Mutant Mice
has suggested a role for this subunit in synaptic trans- The GluR5 gene was disrupted by insertion of a neoR
mission in CA3 pyramidal cells (Vignes et al., 1998), cassette that replaced 345 bp of genomic sequence
raising the possibility of KARs comprised of both GluR5 including the majority of the exon coding for the mem-
and GluR6. CA3 pyramidal cells, however, do not ex- brane domain II necessary for receptor function (Figures
press a detectable level of GluR5 mRNA in in situ hybrid- 1A and 1C). The final targeting constructs contained
ization experiments. GABAergic interneurons of stratum 2.4 kb and 5.0 kb of homologous sequence 59 and 39,
radiatum and stratum oriens highly express the GluR5 respectively, to the neomycin resistance marker. In addi-
subunit, but GluR6 labeled cells are also seen in nonpy- tion, the targeting vectors also contained a thymidine
ramidal layers in both CA1 and CA3 fields (Bureau et kinase (TK) gene under the control of the phospho-glyc-
al., 1999). A high proportion of GAD-positive neurons erate-kinase (PGK) promoter to counter select against
found in pyramidal layers also express GluR6 (Paternain nonhomologous integration (Figure 1B). CCE embryonic
et al., 2000). Consistent with the high expression of stem cells were transfected with the vector DNA, and
GluR5 in GABAergic interneurons, the use of selective clones resistant to neomycin were isolated and screened
agonists and antagonists for the GluR5 subunit has sug- by Southern blotting hybridization analysis. Eleven out
gested a predominant role for GluR5 KARs in the excita- of 48 isolated clones showed the desired recombination
tion of GABAergic interneurons and inhibition of evoked event. Four of the clones were used for blastocyst injec-
GABAergic synaptic transmission in CA1 pyramidal cells tion to generate chimeric animals. Two chimeric mice
(Clarke et al., 1997; Cossart et al., 1998). transmitted the mutant allele through the germline to
In this study, we have continued our molecular charac- their offspring as judged by Southern blot analysis of
terization of KARs in the hippocampus by generating mouse genomic tail DNA (Figures 1D and 1E). GluR52/2
did not differ from their litter mates in breeding andmice deficient for the GluR5 gene. We have found that
interneuronal KAR activity is largely preserved in GluR5- general health status.
In the absence of a selective anti-GluR5 antibody,deficient mice, but is abolished in mice deficient for both
the GluR5 and the GluR6 subunits. Our data indicate we verified the functional deletion of this subunit from
GluR52/2 mice using a physiological assay. Glutamatethat KARs responsible for both excitation of CA1 in-
terneurons and inhibition of evoked GABAergic synaptic receptor currents in dorsal root ganglion (DRG) neurons
arise primarily from receptors containing the GluR5 KARtransmission are heteromers containing both GluR5 and
GluR6. Our results also show that activation of KARs subunit (Huettner, 1990; Sailer et al., 1999). We therefore
tested whether disruption of the GluR5 gene affectedincreases the frequency of miniature IPSCs in stratum
radiatum interneurons, an effect likely mediated by pre- KAR-mediated responses in these neurons. Whole-cell
currents activated by domoate (10 mM) in acutely disso-synaptic KAR assembled with the GluR6, but not the
GluR5 subunit, suggesting the existence of two separate ciated DRG neurons from wild-type mice were com-
pared with those from GluR52/2 mice. In neonatal wild-populations of KARs in GABAergic interneurons of the
CA1 field with distinct locations. type mice (P3–P5), domoate evoked an inward current
Kainate Receptors in Hippocampal Interneurons
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with an average current density of 13.3 6 1.7 pA/pF in
69.7% of neurons tested (n 5 23 responding neurons).
In contrast, domoate did not elicit detectable currents
in DRG neurons from GluR52/2 mice (n 5 17, Figure 1F).
These results indicate that our gene disruption proce-
dure resulted in the loss of GluR5-containing KARs in
neurons with high expression of this subunit and further
show that the GluR5 subunit is essential for forming
KARs in DRG neurons.
KARs comprise high-affinity kainate binding sites in
the CNS (Mulle et al., 1998). To determine the contribu-
tion of GluR5-containing KARs to high-affinity binding
activity, we compared the distribution of [3H]kainic acid
binding in wild-type and GluR52/2 mice using receptor
autoradiography. The intense [3H]kainate labeling ob-
served in the CA3 region of wild-type mice was not
notably different in the hippocampus of GluR52/2 mutant
mice (Figure 1G), whereas it was largely diminished in
the hippocampus of GluR62/2 mice (Mulle et al., 1998).
These data suggest that high-affinity kainate binding
sites in the hippocampus primarily arise from GluR6-
containing receptors.
Both GluR5 and GluR6 Subunits Contribute
to KAR Modulation of Spontaneous
Inhibitory Synaptic Currents in CA1
Pyramidal Neurons
We have used KAR mutant mice lacking the GluR5, GluR6,
or both GluR5 and GluR6 subunits to explore their contri-
bution to receptors underlying KAR action in CA1 in-
terneurons. KAR activation increases the frequency of
spontaneous IPSCs (sIPSCs) in CA1 pyramidal neurons
by depolarizing presynaptic interneurons (Cossart et al.,
1998; Frerking et al., 1998; Bureau et al., 1999). This
activity was postulated to arise from GluR5-containing
KARs based on the action of the relatively selective
GluR5 agonist ATPA (Cossart et al., 1998) and the obser-
vation that GluR5 subunit mRNA is highly expressed in Figure 2. Activation of KARs Increases IPSC Frequency in CA1 Py-
CA1 and CA3 hippocampal interneurons (Wisden and ramidal Cells from Wild-Type and GluR5-Deficient Mice but Not from
Mice Deficient for Both the GluR5 and GluR6 Subunit GeneSeeburg, 1993; Bureau et al., 1999).
We compared the effects of KAR activation on the (A, B, and C) (Left) Samples of continuous recording of spontaneous
IPSCs, in the presence of GYKI 53655 (50 mM), in CA1 pyramidalfrequency of sIPSCs in CA1 pyramidal neurons from
cells from wild-type, GluR52/2, and GluR52/2 3 GluR62/2 mice. Do-wild-type and KAR knockout mice (Figure 2). Whole-cell
moate (500 nM) led to a reversible increase in IPSC frequency inrecordings from CA1 neurons in acute slice preparations
wild-type (A) and GluR52/2 mice (B), but not in GluR52/2 3 GluR62/2
were made in presence of GYKI 53655 (50 mM) and mice (C). (Right) Plots for the same cells of the mean frequency of
D-AP5 (50 mM) to block AMPA and NMDA receptors, IPSCs detected during 10 s sample intervals against time. The dot-
ted line represents the level of the baseline holding current.respectively. Domoate activated an inward current in
(D) Comparison of the effects of kainate at different concentrationsCA1 pyramidal cells due to the presence of GluR6-con-
on spontaneous IPSC frequency in CA1 pyramidal cells from wild-taining KARs on the cell bodies (Bureau et al., 1999) and
type and KAR mutant mice. Whole-cell recordings were made fromcaused a large increase in the frequency of sIPSCs in
CA1 pyramidal cells in the absence of KAR and AMPAR antagonists.
wild-type (Figure 2A) as well as in GluR52/2 mice (Figure Kainate was applied at different concentrations for 2 min. The in-
2B). On average, sIPSC frequency increased by a factor crease in sIPSC frequency was measured in reference to a 2 min
baseline period. Each value is the mean 6 SEM value obtained from3.0 6 0.2 (n 5 6) and 2.2 6 0.2 (n 5 4) after bath ap-
five to seven different cells.plication of domoate (500 nM) in wild-type and in
(A–D) Slices were bathed with physiological saline containing 4 mMGluR52/2 mice, respectively. Domoate had a similar ef-
CaCl2 and 4 mM MgCl2 and supplemented with 100 mM D,L-AP5.fect on sIPSC frequency in CA1 pyramidal neurons from
GluR62/2 mice (Bureau et al., 1999). This result indicates
that disruption of the GluR5 gene does not result in from GluR52/2 3 GluR62/2 mice (n 5 4) in presence of
GYKI 53655 (Figure 2C). We conclude that both GluR5the complete loss of KARs in CA1 interneurons. In situ
hybridization experiments revealed that this was not and GluR6 subunits contribute to CA1 interneuron KARs,
and that ablation of these two receptor subunits elimi-due to compensatory overexpression of GluR6 mRNA
in GluR52/2 mice (data not shown). In contrast, domoate nates functional KARs in this population of neurons.
We next determined the concentration range in which(500 nM) did not increase sIPSC frequency in neurons
Neuron
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Figure 3. Native KARs in Stratum Radiatum
Interneurons Are Heteromeric Receptors
Composed of Both GluR5 and GluR6 Sub-
units
(A) Kainate (3 mM) activated an inward current
in CA1 stratum radiatum interneurons of a
wild-type (top trace) and a GluR52/2 mouse
(bottom trace), in the presence of a low con-
centration of NBQX (1 mM) and bicuculline
(10 mM).
(B) (Left) Upper trace: in a stratum radiatum
interneuron from a double mutant mouse, KA
(30 mM) activated an inward current in the
absence of an AMPAR antagonist. Lower
trace: this current was fully blocked by a low
concentration of NBQX (1 mM). (Right) Pooled
data of the mean amplitude of currents acti-
vated by kainate (10 and 30 mM), in the pres-
ence and absence of NBQX (1 mM), in stratum
radiatum interneurons from double mutant
mice.
(C) Pooled data of the mean amplitude of cur-
rents activated by domoate (1 mM, 2 min ap-
plication) in the presence of NBQX (1 mM)
in stratum radiatum interneurons from wild-
type, GluR52/2, and GluR62/2 mice.
(D) Pooled data of the mean amplitude of cur-
rents activated by kainate (10 mM, 2 min appli-
cation) in the presence of NBQX (1 mM) in
stratum radiatum interneurons from wild-type
(closed bars), GluR52/2 (stripe-filled bars) and
GluR62/2 (open bars) mice.
(E) Bar graphs showing the ratio of the ampli-
tude of inward currents activated in individual
cells by kainate (10 mM, 2 min application) and domoate (1 mM, 2 min application) in CA1 stratum radiatum interneurons from wild-type,
GluR52/2, and GluR62/2 mice in the presence of NBQX (1 mM). The bar graphs show mean 6 SEM values.
(C–E) Numbers in parentheses represent the number of cells tested.
(A–E) The perfusing solution was supplemented with TTX (400 nM) and D,L-AP5 (50 mM).
kainate, a mixed AMPA/KAR agonist, exclusively acti- frequency in pyramidal neurons. This observation raises
vated KARs on CA1 interneurons (Figure 2D). In neurons the possibility that CA1 interneurons possess hetero-
from all four genotypes tested, sIPSC frequency in- meric KARs composed of GluR5 and GluR6 subunits.
creased as the concentration of kainate was increased. Alternatively, KARs containing either GluR5 or GluR6
However, in neurons from the double mutant GluR52/2 3 subunits may segregate into distinct populations of re-
GluR62/2 mice kainate did not increase sIPSC frequency ceptors, either within individual neurons or in distinct
at concentrations up to 3 mM. In these mice, the in- populations of interneurons. One way of distinguishing
creased sIPSC frequency at .3 mM kainate was likely between these possibilities is to compare the mean
mediated by activation of AMPARs located on in- whole-cell currents evoked by KAR agonists in in-
terneuron cell bodies, since this effect was blocked by terneurons from wild-type and KAR knockout mice. If
GYKI 53655 (data not shown). In summary, these results individual interneurons express KARs containing either
suggest that kainate concentrations of 300 nM–3 mM GluR5 or GluR6, but not both subunits, fewer neurons
selectively activates KARs in CA1 interneurons. Interest- should respond to agonists in slices from the two differ-
ingly, we observed that kainate was less efficient in ent knockout mice.
activating KARs in neurons from GluR62/2 mice than To test this possibility, we performed whole-cell re-
from wild-type or GluR52/2 mice (p , 0.02 at all concen- cordings from stratum radiatum interneurons in the CA1
trations tested in the range 300 nM–3 mM). The effective field. In the presence of TTX, activation of KARs by
dose–response curve for increase of sIPSC frequency kainate or domoate evokes an inward current in wild-
thus was shifted to the right for GluR62/2 mice. Con- type mice (Cossart et al., 1998; Frerking et al., 1998;
versely, kainate was slightly more potent at increasing Bureau et al., 1999) as well as in GluR62/2 mice (Bureau
sIPSC frequency in CA1 neurons from GluR52/2 mice et al., 1999). Domoate (1 mM) and kainate (10 mM), in
(significant difference at a concentration of 1 mM, with the presence of GYKI 53655 or alternatively a low con-
p , 0.05). centration of NBQX (1 mM) to block AMPA receptors,
also elicited inward currents in GluR52/2 mice (Figure
3A). All GluR52/2 stratum radiatum interneurons testedSubunit Composition of KARs in Stratum
had KAR currents (n 5 9 with GYKI 53655; n 5 12 withRadiatum Interneurons
NBQX). Similarly, all GluR62/2 stratum radiatum in-Our results show that both GluR5 and GluR6 subunits
contribute to interneuronal KARs that modulate sIPSC terneurons tested had KAR currents (n 5 5 with GYKI
Kainate Receptors in Hippocampal Interneurons
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53655; n 5 15 with NBQX). In interneurons from the
GluR52/2 3 GluR62/2 mutant mice, currents activated
by higher concentrations of kainate (10–30 mM) were
mediated purely by activation of AMPA receptors since
they were fully blocked by GYKI 53655 (50 mM) or NBQX
(1 mM) (n 5 4) (Figure 3B). Thus, functional KARs are
absent in CA1 stratum radiatum interneurons from
GluR52/2 3 GluR62/2 mice. The observation that all
tested interneurons from GluR5 and GluR6 knockout
mice have KAR whole-cell currents suggests that KARs
composed of these two subunits are not segregated to
distinct populations of neurons in the stratum radiatum.
It is possible that GluR5-containing KARs and GluR6-
containing KARs form two separate populations of KARs
that are expressed in all stratum radiatum interneurons.
If this was the case, the mean amplitude of inward cur-
rents activated by kainate and domoate in interneurons
should be smaller in GluR52/2 and in GluR62/2 mice than
in wild-type mice. We compared the mean KAR current
amplitudes evoked by kainate and domoate in interneu-
rons from wild-type and KAR knockout mice. The mean
amplitude of inward currents activated by domoate (1
mM) in the presence of NBQX (1 mM) was 500 6 62 pA
(n 5 5, range 340–660 pA) in wild-type mice, 351 6 90
pA (n 5 4, range 160–860 pA) in GluR52/2 mice, and
393 6 59 pA (n 5 6, range 190–540 pA) in GluR62/2 mice
(Figure 3C). As shown in Figure 3D, the mean amplitude
of inward currents activated by kainate (10 mM) in the
presence of NBQX (1 mM) was 166 6 28 pA (n 5 11,
range: 40–370 pA) in wild-type mice, 224 6 43 pA (n 5
12, range 60–590 pA) in GluR52/2 mice and 59 6 13 pA
(n 5 15, range 20–150 pA) in GluR62/2 mice. Comparison
of this data between genotypes reveals that the mean
domoate current amplitudes in neurons from GluR52/2
and GluR62/2 mutant mice was only slightly decreased Figure 4. Kainate-Mediated Effects on Evoked IPSCs in CA1 Pyra-
midal Cells from GluR52/2 and GluR52/2 3 GluR62/2 Miceas compared to the mean current amplitude in wild-
(Left) Plots of the amplitude of IPSCs evoked in CA1 pyramidal cellstype neurons. In contrast, kainate responses in GluR62/2
by focal stimulation.neurons were significantly smaller than those in wild-
(Right) For the same cells, superposition of four consecutive re-type or GluR52/2 neurons (p , 0.002) (Figures 3D and
cordings in control conditions and during the application of kainate.3E). Interestingly, the ratios of the mean amplitudes of kai-
The dotted line represents the level of the control inward current.
nate currents compared to domoate currents in interneu- (A and B) Kainate (3 mM) applied during the time indicated by the
rons are significantly different in wild-type, GluR52/2, horizontal bars in the presence of NBQX (1 mM), led to a reversible
decrease in evoked IPSC amplitude in the GluR52/2 mice (A) but notand GluR62/2 mice (p , 0.01 and p , 0.05, respectively)
in GluR52/2 3 GluR62/2 mice (B).(Figure 3E), suggesting that in GluR52/2 mice (and in
(C) A higher concentration of kainate (30 mM) applied in the absenceGluR62/2 mice), the functional properties of the re-
of an AMPAR antagonist led to a reversible decrease in evokedmaining KARs are changed as compared to wild-type
IPSC amplitude in GluR52/2 3 GluR62/2 mice.
KARs. This result is consistent with the fact that the
functional properties of recombinant heteromeric recep-
tors composed of GluR5 and GluR6 are different from pyramidal cells (Rodriguez-Moreno et al., 1997). In prin-
the properties of the homomeric KARs (Herb et al., 1992; ciple, distinct populations of KARs could be functionally
Cui and Mayer, 1999; Paternain et al., 2000). In summary, separated using the KAR mutant mice. IPSCs were
these data are consistent with the existence of hetero- evoked in CA1 pyramidal cells by focal stimulation in
meric KARs composed of GluR5 and GluR6 subunits in the stratum oriens in the presence of GYKI 53655 (50
stratum radiatum interneurons. mM) and D,L-APV (100 mM). Perfusion of kainate (3 mM,
for 2 min) leads to a rapid and reversible decrease in
the amplitude of evoked IPSCs in both wild-type andDownregulation of Evoked IPSCs in CA1
Pyramidal Cells GluR62/2 mice (Bureau et al., 1999). Under the same
experimental conditions, kainate (3 mM) decreasedActivation of KARs decreases the amplitude of evoked
IPSCs recorded in CA1 pyramidal cells by a mechanism evoked GABAergic synaptic transmission to a similar
extent in GluR52/2 mice (Figure 4A). On average, kainatethat remains controversial. It has been proposed that
two separate populations of KARs on interneurons me- (3 mM) decreased evoked IPSC amplitudes by 54% 6
12% (n 5 4; range, 32%–81%), a value not statisticallydiate the increased excitability of interneurons and the
presynaptic inhibitory effect on evoked IPSCs in CA1 different from that reported in wild-type mice. In con-
Neuron
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trast, in the double mutant GluR52/2 3 GluR62/2, kainate
(3 mM) did not affect evoked IPSC amplitude when ap-
plied in the presence of GYKI 53655 (50 mM) or NBQX
(1 mM) (n 5 5) (Figure 4B) or when applied in the absence
of an AMPAR antagonist (n 5 3). Thus, the downregula-
tion of GABAergic synaptic transmission between in-
terneurons and CA1 pyramidal cells is caused by activa-
tion of KARs composed of both GluR5 and GluR6
subunits, as is the case for somatodendritic KARs in
interneurons.
It has been proposed that this downregulation of in-
hibitory transmission could be accounted for in great
part by the intense interneuronal spike discharge
caused by activation of somatodendritic KARs, which
might result in a use-dependent depression of evoked
IPSCs (Frerking et al., 1998). If this hypothesis is accu-
rate, then a large depolarization of interneurons in mice
lacking functional KARs in interneurons should result in
downregulation of evoked IPSC. Conversely, if KARs
are critical components of the depression of evoked
IPSCs, this activity should be absent in the GluR52/2 3
GluR62/2 mice. To test this hypothesis, we recorded
evoked IPSCs in CA1 pyramidal cells from GluR52/2 3
GluR62/2 mice and applied kainate at a concentration
of 30 mM, which was previously (Figure 3B) shown to
activate AMPARs. At this concentration, kainate in-
creases sIPSC frequency by a factor 3, due to an in-
crease in spike discharge in presynaptic interneurons.
Under these conditions, kainate (30 mM) largely de-
pressed evoked IPSCs in CA1 pyramidal cells (Figure
Figure 5. Activation of KARs Increases mIPSC Frequency in CA1
4C) (n 5 5). Since AMPARs are known to be localized in Stratum Radiatum Interneurons
somatodendritic compartments, the decreased evoked Miniature IPSCs were recorded in a stratum radiatum interneuron
IPSC amplitude upon application of kainate therefore in the presence of TTX (400 nM), NBQX (1 mM), and D,L-AP5
arises from a somatodendritic depolarization of in- (50 mM).
(A) Traces of mIPSCs sampled under control conditions and duringterneurons and not from selective activation of KARs
application of kainate (10 mM).present on presynaptic terminals from GABAergic in-
(B) Plot of mIPSC frequency versus time. Kainate (10 mM) appliedterneurons to CA1 pyramidal cells.
during the time indicated by the horizontal bar led to reversible
increase in mIPSC frequency.
Evidence for the Presence of Presynaptic GluR6 (C–F) In the same neuron, a closer inspection of the effects of kainate
indicates that kainate affects mIPSC frequency but not mIPSC am-KARs on Terminal Afferents between
plitudes.GABAergic Interneurons
(C and D) Each mIPSC is represented by a vertical bar proportionalInhibitory interneurons receive GABAergic synaptic con-
to its amplitude to allow visualization of the activity over prolonged
nections from other interneurons that are located, at recording periods.
least in part, in the CA1 field (Gulyas et al., 1996, and (E and F) Amplitude distribution histograms of mIPSCs recorded
references therein). We have tested the possibility that before and during application of kainate.
presynaptic KARs could be located on GABAergic affer-
ents to other interneurons. The presence of presynaptic
KARs can be detected by examining the effects of KAR 31%, n 5 9, p . 0.4). In GluR62/2 and in GluR52/2 3
GluR62/2 mice, kainate failed to significantly change theagonists on the frequency of miniature inhibitory synap-
tic currents (mIPSCs) in stratum radiatum interneurons. rate of mIPSCs (GluR62/2: 107% 6 5%, n 5 14; GluR52/2 3
GluR62/2: 109% 6 7%, n 5 4, values not different fromIn the presence of TTX (400 nM) to block action potential
discharge, NBQX (1mM) to block AMPARs, and D,L-AP5 control with p . 0.9) (Figure 6B). Additionally, in GluR62/2
mice, the basal mIPSC frequency was higher than thatto block NMDARs, mean mIPSC frequency was 0.85 6
0.3/s (n 5 8, range: 0.16 –2.27). Bath application of kai- observed in wild-type mice, with an average rate of
2.35 6 0.43/s (n 5 14; range: 0.8–5.5/s). As illustratednate (10 mM) caused a reversible increase in mIPSC
frequency by 150% 6 15% (n 5 8, different from control in Figure 6A, the high average mIPSC frequency is im-
parted by a high basal frequency observed in a fewwith p , 0.01) of the control value (Figure 5 and Figure
6), with no significant change in mIPSC amplitude (Fig- interneurons. Neither low nor high basal frequency
GluR62/2 interneurons increased their mIPSC frequencyures 5C and 5F). This result is consistent with a presyn-
aptic action of KARs. In GluR52/2 mice, kainate increased upon application of kainate (Figure 6A). We also consid-
ered the possibility that the lack of effect of kainate inmIPSC frequency in six out of nine neurons tested (Fig-
ure 6). The average increase in mIPSC frequency was not GluR62/2 mice might be attributed to the lower efficacy
of this agonist at KARs in neurons from this type ofdifferent from that observed in wild-type mice (169% 6
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cell RT-PCR analysis (Wisden and Seeburg, 1993; Ruano
et al., 1995; Bureau et al., 1999, 2000; Paternain et al.,
2000), which have suggested large combinatorial possi-
bilities. Immunocytochemical studies at the single-cell
level has been limited by the lack of selective antibodies
for each KAR subunit. Western blot analysis has, how-
ever, shown the coassembly of GluR6 and KA2 at the
biochemical level (Wenthold et al., 1994). The develop-
ment of pharmacological agents that are selective for
the KAR subtypes, when tested on recombinant KARs,
has proven very useful (Bleakman et al., 1996; Bortolotto
et al., 1999; Clarke et al., 1997). Up to now, however, it
has been limited to agents selective for the GluR5 sub-
unit. In addition, lacking information on the precise sub-
unit composition of native KARs, the use of these recom-
binant GluR5 selective agents on native KARs should
be taken cautiously. It has been reported, for instance,
that the GluR5 subunit–specific agonist ATPA is also an
agonist at GluR6/KA2 heteromeric receptors (PaternainFigure 6. Activation of KARs Increase mIPSC Frequency in Wild-
et al., 2000). In parallel to the development of subtype-Type and GluR52/2 Mice but Not in GluR62/2 Mice
specific KAR agonists, genetically modified mice offerMiniature IPSCs were recorded in a stratum radiatum intereneuron
the possibility to clarify the molecular composition ofin the presence of TTX (400 nM), NBQX (1 mM), and D,L-AP5 (50
mM). Miniature IPSC frequency was recorded before and during native KARs and to functionaly separate different popu-
application of kainate (10 mM, 2 min application), and the ratio of lations of KARs.
mIPSC frequency was calculated over a 2 min period. The GluR5 subunit has been suggested to be the key
(A) Plot of the change in mIPSC frequency versus the baseline level subunit forming KARs in GABAergic interneurons for
of mIPSC frequency. Each point represents the values from a single
several reasons. First, GluR5 subunit mRNA is abundantcell recorded from wild-type (closed circle), GluR52/2 (square), and
in nonpyramidal neurons of CA1 and CA3 (Wisden andGluR62/2 (open circle) mice.
Seeburg, 1993; Bureau et al., 1999). Second, ATPA acti-(B) Pooled data of the changes in mIPSC frequency induced by
kainate in stratum radiatum interneurons from wild-type, GluR52/2, vates KARs in the hippocampus that mediate the in-
GluR62/2 mice, and GluR52/2 3 GluR62/2 mice. The bar graphs show crease in tonic inhibition in CA1 pyramidal cells (Cossart
mean 6 SEM values. Numbers in parentheses represent the number et al., 1998); this effect is blocked by LY 29358, an antag-
of cells tested.
onist of recombinant AMPARs, as well of GluR5 KARs
(Bleakman et al., 1996). Third, inhibition of evoked
GABAergic synaptic transmission in CA1 pyramidal cellsmouse, as is suggested by the data in Figure 3D for
by kainate and ATPA is blocked by LY 29358 and LY
somatodendritic KARs. However, we found that under
294486, selective antagonists of recombinant GluR5
the same experimental conditions, domoate (1 mM)
KARs (Clarke et al., 1997). In view of these results, dis-
failed to increase mIPSC frequency significantly (aver-
ruption of the GluR5 gene would be expected to have
age 116 6 12%, n 5 6, not different from control with profound consequences on interneuronal signaling in
p . 0.6). Overall, these results support the existence of the hippocampus. We found, however, that disruption
presynaptic KARs that modulate GABAergic synaptic of the GluR5 gene did not result in the loss of functional
activity between interneurons. This effect arises from the KARs in CA1 interneurons. In the presence of the
activation of KARs with a different subunit composition AMPAR antagonist GYKI 53655, kainate and domoate
than that of somatodendritic KARs of stratum radiatum activated inward currents in stratum radiatum interneu-
interneurons. rons, increased tonic inhibition in CA1 pyramidal cells,
likely by directly exciting GABAergic interneurons, and
Discussion decreased evoked IPSCs in these cells. The presence
of functional KARs in CA1 interneurons from GluR52/2
In this study, we have generated and analyzed KAR mice did not result from compensatory overexpression
mutant mice lacking the GluR5, GluR6, or both GluR5 of the GluR6 subunit gene. Since ablation of the GluR5
and GluR6 subunits to determine the molecular compo- subunit is not sufficient to eliminate functional KARs in
nents of KARs involved in interneuronal signaling in the CA1 interneurons, we attempted to determine what
hippocampus. We have also explored the possibility that other subunit composes KARs on interneurons.
separate populations of KARs in CA1 interneurons, with The high abundance of GluR5 mRNA in interneurons
distinct subunit composition, might show distinct sub- is acccompanied, to a much lesser degree, with the
cellular locations, either in the somatodendritic com- presence of mRNA for the GluR6 gene (Bureau et al.,
partment or on GABAergic axon terminals. KARs are 1999; Paternain et al., 2000). Consistent with the low
multimeric ionotropic receptors assembled from a com- level of expression of the GluR6 gene in CA1 interneu-
bination of five possible subunits. The subunit composi- rons, we have already shown that disruption of GluR6
tion of native KARs in the central nervous system is not did not result in the loss of functional KARs in CA1
known. Their putative composition can be inferred from interneurons (Bureau et al., 1999). To test for the possi-
the pattern of expression of the five subunit genes de- bility that KARs in interneurons comprise both the GluR5
and the GluR6 subunits, we generated mutant mice withscribed in in situ hybridization experiments and single-
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disruption of both subunit genes. This double mutation different KAR subunit mutant mice, we have attempted
resulted in the loss of all functional KARs in GABAergic to separate functionaly distinct populations of KARs
interneurons contacting CA1 pyramidal cells, since kai- with distinct molecular composition that could be lo-
nate and domoate failed to increase sIPSC frequency cated in the somatodendritic compartment or on axon
in CA1 pyramidal cells when applied in the presence terminals of GABAergic interneurons. We show in the
of GYKI 53655. In these mice, no inward current was present study that the downregulation of evoked IPSCs
activated in CA1 stratum radiatum interneurons by kai- in CA1 pyramidal cells is also likely mediated by the
nate at all concentrations tested in the presence of an activation of heteromeric GluR5/GluR6 KARs, such as
AMPAR antagonist. These results suggest that KARs in those present in the somatodendritic compartment of
CA1 interneurons are heteromeric receptors composed interneurons. Indeed, kainate inhibits evoked IPSCs in
of both the GluR5 and the GluR6 subunit. Another possi- both GluR5-deficient mice and GluR6-deficient mice
ble intrepretation would be that GluR5 and GluR6 KARs (Bureau et al., 1999), but not in mice deficient for both
form two distinct populations of KARs either within indi- subunits. In addition, we provide clear evidence that
vidual neurons or in distinct populations of interneu- direct depolarization of interneurons by kainate, through
rons. We do not think that this is likely for the following activation of AMPA receptors and independently of the
reasons. First, functional KARs were found in all CA1 activation of KARs, leads to a large and reversible de-
stratum radiatum interneurons of both GluR5- and crease in evoked IPSC amplitude. Altogether, these re-
GluR6-deficient mice. This observation argues against sults do not favor the possibility of a molecularly distinct
the possibility that individual neurons express KARs population of KARs located on GABAergic afferents to
containing either GluR5 KARs or GluR6 KARs, but not CA1 pyramidal cells.
both subunits. Second, if KARs formed two separate In this study, we provide evidence for the existence
populations expressed in the same neurons, one would of presynaptic KARs on GABAergic axon terminals made
expect that the mean amplitude of inward currents acti- by interneurons onto other interneurons. In the presence
vated by KAR agonists would be decreased for both of TTX, we show that activation of KARs reversibly in-
agonists in GluR52/2 mice and in GluR62/2 mice. In addi- creases the frequency of mIPSC, an effect consistent
tion, the sum of the mean amplitudes of inward currents with a presynaptic location of KARs. Interestingly, this
recorded separately in GluR52/2 and GluR62/2 should action of kainate is observed in GluR52/2 mice but not
reflect the amplitude of inward currents in wild-type in GluR62/2 mice. This result raises the possibility that
mice. We found that the average amplitude of inward the localization, and thereby, the role of KARs is highly
currents activated by domoate in GluR52/2 and in dependent on the molecular component of the receptor.
GluR62/2 was only slightly smaller than in wild-type mice It is tempting to speculate that in some hippocampal
and that the sum largely exceeded the wild-type value. interneurons, two distinct populations of KARs coexist
We also showed that the efficiency of kainate to activate that are targeted either to somatodendritic compart-
KARs and to increase sIPSC frequency in CA1 pyramidal ments or to axonal compartments depending on their
cells was slightly increased in GluR5-deficient mice. In subunit composition, even though the GluR6 subunit
contrast, kainate was significantly less potent as an ago- would be incorporated in both subtypes of receptors.
nist of KARs in interneurons from GluR62/2 mice. Overall, It must be noted, however, that GABAergic inputs onto
the ratio of the amplitude of inward currents activated by hippocampal interneurons have been shown to arise
the agonists kainate and domoate in stratum radiatum from neurons located within all cell layers of the hippo-
interneurons was significantly different in wild-type, campus (Gulyas et al., 1996, and references therein) as
GluR52/2, and GluR62/2 mice. This result is consistent well as from extrinsic sources (Freund and Antal, 1988).
with the fact that the functional properties of hetero- In this respect, we lack evidence that GABAergic in-
meric GluR5/GluR6 KARs differ from those of the homo- terneurons with presynaptic GluR6-containing KARs
meric GluR5 or GluR6 KARs (Cui and Mayer, 1999; Pater-
also express heteromeric somatodendritic KARs. Future
nain et al., 2000). Although our experimental conditions
work is needed to clarify the identity of neurons express-
(bath application of the agonist in the slice) do not permit
ing presynaptic KARs and to understand the role theseus to directly compare the properties of native KARs in
receptors play in the hippocampal synaptic network.interneurons and of recombinant GluR5/GluR6 recep-
The existence of native heteromeric GluR5/GluR6 re-tors, our results imply that, by genetically removing
ceptors evidently adds to the complexity of KAR local-GluR5 or GluR6, the pharmacological or biophysical
ization and function. To better understand this role, itproperties of the remaining KARs are changed. These
will certainly be necessary to combine the developmentchanges could include an increase in the steady state
of new selective agonists and antagonists of the differ-to peak ratio when GluR5 and GluR6 are coassembled,
ent KAR combinations with the electrophysiologicalan effect that could translate into a larger inward current
analysis of selected KAR mutant mice.under our experimental conditions. It is interesting to
point out that, despite the low abundance of GluR6
mRNA in interneurons, we have found that the GluR6 Experimental Procedures
subunit is a key partner to form native KARs in hippo-
Construction of the Targeting Vectors pR5G36campal interneurons, together with the GluR5 subunit.
and ES Cell TechnologyThe existence of a second population of KARs located
The GluR5 (or Grik1) gene was disrupted by insertion of a neoR
in interneurons on GABAergic afferents to CA1 pyrami- cassette replacing 345 bp including the majority of the exon coding
dal cells has been proposed (Rodriguez-Moreno et al., for the membrane domain II (Figure 1A). The final targeting construct
2000) to account for the depression of evoked IPSC in contained 2.4 kb and 5.0 kb of homologous sequence 59 and 39,
respectively, to the neomycin resistance marker. In addition, theCA1 pyramidal cells induced by kainate. By using the
Kainate Receptors in Hippocampal Interneurons
483
targeting vector also contained a thymidine kinase (TK) gene under References
the control of the phospho-glycerate-kinase (PGK) promoter to
counter select for nonhomologous integration (Figure 1B) (Mansour Bettler, B., and Mulle, C. (1995). AMPA and kainate receptors. Neuro-
et al., 1988). Prior to transfection of embryonic stem cells, the tar- pharmacology 34, 123–139.
geting vector was linearized by SalI digestion. Bettler, B., Boulter, J., Hermans-Borgmeyer, I., O’Shea-Greenfield,
CCE embryonic stem (ES) cells were cultured as described (Rob- A., Deneris, E.S., Moll, C., Borgmeyer, U., Hollmann, M., and Heine-
ertson et al., 1986). Electroporation with the targeting vector was mann, S. (1990). Cloning of a novel glutamate receptor subunit,
done as detailed previously (O’Gorman et al., 1997). Disruption of GluR5: expression in the nervous system during development. Neu-
the GluR5 gene was confirmed by Southern blotting using genomic ron 5, 583–595.
DNA (Figure 1B). We found 11 of 48 clones positive for the predicted
Bischoff, S., Barhanin, J., Bettler, B., Mulle, C., and Heinemann, S.
homologous recombination event. Four clones were injected into
(1997). Spatial distribution of kainate receptor subunit mRNA in the
blastocysts and implanted into foster mothers, which gave birth to
mouse basal ganglia and ventral mesencephalon. J. Comp. Neurol.
chimeric animals. Two chimeric mice transmitted the mutant allele
379, 541–562.
through the germline to their offspring as judged by Southern blot
Bleakman, R., Schoepp, D.D., Ballyk, B., Bufton, H., Sharpe, E.F.,analysis of the GluR5 genomic locus using mouse genomic tail DNA
Thomas, K., Ornstein, P.L., and Kamboj, R.K. (1996). Pharmacologi-(Laird et al., 1991) (Figures 1D and 1E, probes A and B). Subsequent
cal discrimination of GluR5 and GluR6 kainate receptor subtypesintercrossing of heterozygous mice yielded GluR52/2 mice at a men-
by (3S,4aR,6R,8aR)-6-[2-(1(2)H-tetrazole-5-yl)ethyl]decahyd roisdo-delian ratio (wild-type, 28%; GluR52/2, 17%; GluR51/2, 55%; n 5 143
quinoline-3 carboxylic-acid. Mol. Pharmacol. 49, 581–585.mice). Animals derived from clone R5A were used for subsequent
analysis. Autoradiography with [3H]kainic acid was performed as Bortolotto, Z.A., Clarke, V.R., Delany, C.M., Parry, M.C., Smolders,
I., Vignes, M., Ho, K.H., Miu, P., Brinton, B.T., Fantaske, R., et al.previously described by incubating 20 mm cryostat sections with
12 nM [3H]kainic acid (50 Ci/mmol) (Mulle et al., 1998). (1999). Kainate receptors are involved in synaptic plasticity. Nature
402, 297–301.
Electrophysiology Bureau, I., Bischoff, S., Heinemann, S.F., and Mulle, C. (1999). Kai-
Dorsal root ganglion neurons were prepared from postnatal day 1 nate receptor-mediated responses in the CA1 field of wild-type and
to postnatal day 3 mice. Isolation of DRG neurons, patch-clamp GluR6-deficient mice. J. Neurosci. 19, 653–663.
recordings, and analysis were performed as previously decribed
Bureau, I., Dieudonne, S., Coussen, F., and Mulle, C. (2000). Kainate
(Sailer et al., 1999).
receptor-mediated synaptic currents in cerebellar golgi cells are not
Parasagittal brain slices (350 mm thick) were made from hybrid
shaped by diffusion of glutamate. Proc. Natl. Acad. Sci. USA 97,
C57BL/6 3 129Sv wild-type, GluR52/2, GluR62/2, and GluR52/2 3
6838–6843.
GluR62/2 mice aged 15–23 days. Slices were kept in an oxygenated
Castillo, P.E., Malenka, R.C., and Nicoll, R.A. (1997). Kainate recep-(95% O2–5% CO2) artificial cerebrospinal fluid (ACSF) containing (in
tors mediate a slow postsynaptic current in hippocampal CA3 neu-mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3,
rons. Nature 388, 182–186.25 Glucose (pH 7.4). Slices were transferred to a recording chamber
Cauli, B., Porter, J.T., Tsuzuki, K., Lambolez, B., Rossier, J., Quenet,where they were continuously perfused with oxygenated ACSF. CA1
B., and Audinat, E. (2000). Classification of fusiform neocortical in-pyramidal cells and stratum radiatum interneurons were visualized
terneurons based on unsupervised clustering. Proc. Natl. Acad. Sci.throughout the experiment with an upright microscope using No-
USA 97, 6144–6149.marski-type differential interference contrast optics combined with
infrared videomicroscopy. Whole-cell voltage-clamp recordings Chittajallu, R., Vignes, M., Dev, K.K., Barnes, J.M., Collingridge,
were made at room temperature with patch electrodes filled with a G.L., and Henley, J.M. (1996). Regulation of glutamate release by
CsCl based solution containing (in mM): 140 CsCl, 2 MgCl2, 1 CaCl2, presynaptic kainate receptors in the hippocampus. Nature 379,
10 EGTA, 10 HEPES, 2 Na2-ATP (pH 7.3). An EPC9 amplifier (HEKA, 78–81.
Germany) driven by a Macintosh PowerPC computer was used.
Chittajallu, R., Braithwaite, S., Clarke, V., and Henley, J. (1999). Kai-
Neurons were voltage-clamped at a holding potential of 270 mV.
nate receptors: subunits, synaptic localization and function. Trends
Data were acquired using “Pulse” program (HEKA, Germany) and
Pharmacol. Sci. 20, 26–35.
analyzed using macros written for IGOR (Wavemetrix Inc., USA) and
Clarke, V.R., Ballyk, B.A., Hoo, K.H., Mandelzys, A., Pellizzari, A.,Detectivent for analysis of sIPSCs (Bureau et al., 1999). Inhibitory
Bath, C.P., Thomas, J., Sharpe, E.F., Davies, C.H., Ornstein, P.L.,postsynaptic currents (IPSCs) were evoked at a frequency of 0.2
et al. (1997). A hippocampal GluR5 kainate receptor regulating inhibi-Hz by electrical stimulation of the slice using a patch electrode filled
tory synaptic transmission. Nature 389, 599–603.with saline positioned on the slice surface in the vicinity of the
recorded neuron. Miniature IPSCs (mIPSCs) were recorded in pres- Cossart, R., Esclapez, M., Hirsch, J., Bernard, C., and Ben-Ari, Y.
ence of TTX (400 nM) with 4 mM CaCl2 and 4mM MgCl2. D,L-AP5 (1998). GluR5 kainate receptor activation in interneurons increases
(50 mM) was present throughout all recordings. Data are presented tonic inhibition of pyramidal cells. Nat. Neurosci. 1, 470–478.
as mean 6 SEM. When appropriate, parameters were compared Cui, C., and Mayer, M.L. (1999). Heteromeric kainate receptors
using a Mann-Whitney U test and with a Wilcoxon test for paired formed by the coassembly of GluR5, GluR6, and GluR7. J. Neurosci.
values. All drugs were applied in the perfusing solution. Tetrodotoxin 19, 8281–8291.
(TTX), DL-AP5, NBQX, bicuculline, and kainate were from Sigma
Egebjerg, J., Bettler, B., Hermans-Borgmeyer, I., and Heinemann,and domoate from Tocris Cookson (Bristol, UK). GYKI 53655 was a
S. (1991). Cloning of a cDNA for a glutamate receptor subunit acti-generous gift from Elli Lilly and Co. (Indianapolis, USA).
vated by kainate but not AMPA. Nature 351, 745–748.
Frerking, M., and Nicoll, R.A. (2000). Synaptic kainate receptors.Acknowledgments
Curr. Opin. Neurobiol. 10, 342–351.
This work was supported by grants and fellowships of the Centre Frerking, M., Malenka, R., and Nicoll, R. (1998). Synaptic activation
National de la Recherche Scientifique, the Fondation pour la Re- of KARs on hippocampal interneurons. Nat. Neurosci. 1, 479–486.
cherche Me´dicale, and the Re´gion Aquitaine to C. M., the Sweizer- Frerking, M., Petersen, C.C., and Nicoll, R.A. (1999). Mechanisms
ische Nationalfond and the Deutsche Forschungsgemeinschaft to underlying kainate receptor-mediated disinhibition in the hippocam-
A. S., and grants of the National Institute of Health and of the pus. Proc. Natl. Acad. Sci. USA 96, 12917–12922.
McKnight Foundation to S. F. H. The excellent technical assistance
Freund, T., and Antal, M. (1988). GABA-containing neurons in theof Lora O’Leary and Cornelia Maron and of the animal research
septum control inhibitory interneurons in the hippocampus. Naturedepartments is gratefully acknowledged. We thank Alexandre
336, 170–173.Bouron, Ingrid Bureau, and Daniel Choquet for comments on this
Gulyas, A.I., Hajos, N., and Freund, T.F. (1996). Interneurons con-manuscript.
taining calretinin are specialized to control other interneurons in the
rat hippocampus. J. Neurosci. 16, 3397–3411.Received August 9, 2000; revised September 11, 2000.
Neuron
484
Herb, A., Burnashev, N., Werner, P., Sakmann, B., Wisden, W., and Wenthold, R.J., Trumpy, V.A., Zhu, W.S., and Petralia, R.S. (1994).
Biochemical and assembly properties of GluR6 and KA2, two mem-Seeburg, P.H. (1992). The KA-2 subunit of excitatory aminoacid
receptor shows widespread expression in brain and forms ion chan- bers of the kainate receptor family, determined with subunit-specific
antibodies. J. Biol. Chem. 269, 1332–1339.nels with distantly related subunits. Neuron 8, 775–785.
Wisden, W., and Seeburg, P. (1993). A complex mosaic of high-Huettner, J.E. (1990). Glutamate receptor channels in rat DRG neu-
affinity kainate receptors in rat brain. J. Neurosci. 13, 3582–3598.rons: activation by kainate and quisqualate and blockade of desensi-
tization by Con A. Neuron 5, 255–266.
Kamiya, H., and Ozawa, S. (1998). Kainate-receptor mediated inhibi-
tion of presynaptic Ca211 influx and EPSP in area CA1 of the rat
hippocampus. J. Physiol. 509, 833–846.
Kamiya, H., and Ozawa, S. (2000). Kainate receptor-mediated pre-
synaptic inhibition at the mouse hippocampal mossy fibre synapse.
J. Physiol. (Lond.) 523, 653–65.
Laird, P.W., Zijderveld, A., Linders, K., Rudnicki, M.A., Jaenisch, R.,
and Berns, A. (1991). Simplified mammalian DNA isolation proce-
dure. Nucleic Acids Res. 19, 4293.
Lerma, J., Morales, M., Vicente, M.A., and Herreras, O. (1997). Gluta-
mate receptors of the kainate type and synaptic transmission.
Trends Neurosci. 20, 9–12.
Mansour, S.L., Thomas, K.R., and Capecchi, M.R. (1988). Disruption
of the proto-oncogene int-2 in mouse embryo-derived stem cells:
a general strategy for targeting mutations to non-selectable genes.
Nature 336, 348–352.
Min, M.Y., Melyan, Z., and Kullmann, D.M. (1999). Synaptically re-
leased glutamate reduces gamma-aminobutyric acid (GABA)ergic
inhibition in the hippocampus via kainate receptors. Proc. Natl.
Acad. Sci. USA 96, 9932–9937.
Mulle, C., Andreas, S., Pe´rez-Otan˜o, I., Dickinson-Anson, H., Castillo,
P.E., Bureau, I., Maron, C., Gage, F.H., Mann, J.R., Bettler, B., and
Heinemann, S.F. (1998). Altered synaptic physiology and reduced
susceptibility to kainate induced seizures in GluR6-deficient mice.
Nature 392, 601–604.
O’Gorman, S., Dagenais, N.A., Qian, M., and Marchuk, Y. (1997).
Protamine-Cre recombinase transgenes efficiently recombine target
sequences in the male germ line of mice, but not in embryonic stem
cells. Proc. Natl. Acad. Sci. USA 94, 14602–14607.
Paternain, A.V., Herrera, M.T., Nieto, M.A., and Lerma, J. (2000).
GluR5 and GluR6 kainate receptor subunits coexist in hippocampal
neurons and coassemble to form functional receptors. J. Neurosci.
20, 196–205.
Robertson, E., Bradley, A., Kuehn, M., and Evans, M. (1986). Germ-
line transmission of genes introduced into cultured pluripotential
cells by retroviral vector. Nature 323, 445–448.
Rodriguez-Moreno, A., Herreras, O., and Lerma, J. (1997). Kainate
receptors presynaptically downregulate GABAergic inhibition in the
rat hippocampus. Neuron 19, 893–901.
Rodriguez-Moreno, A., Lopez-Garcia, J.C., and Lerma, J. (2000).
Two populations of kainate receptors with separate signaling mech-
anisms in hippocampal interneurons. Proc. Natl. Acad. Sci. USA 97,
1293–1298.
Ruano, D., Lambolez, B., Rossier, J., Paternain, A.V., and Lerma,
J. (1995). Kainate receptor subunits expressed in single cultured
hippocampal neurons: molecular and functional variants by RNA
editing. Neuron 14, 1009–1017.
Sailer, A., Swanson, G.T., Perez-Otano, I., O’Leary, L., Malkmus,
S.A., Dyck, R.H., Dickinson-Anson, H., Schiffer, H.H., Maron, C.,
Yaksh, T.L., et al. (1999). Generation and analysis of GluR5(Q636R)
kainate receptor mutant mice. J. Neurosci. 19, 8757–8764.
Schiffer, H.H., Swanson, G.T., and Heinemann, S.F. (1997). Rat
GluR7 and a carboxy-terminal splice variant, GluR7b, are functional
kainate receptor subunits with a low sensitivity to glutamate. Neuron
19, 1141–1146.
Vignes, M., and Collingridge, G.L. (1997). The synaptic activation of
kainate receptors. Nature 388, 179–182.
Vignes, M., Clarke, V.R., Parry, M.J., Bleakman, D., Lodge, D.,
Ornstein, P.L., and Collingridge, G.L. (1998). The GluR5 subtype of
kainate receptor regulates excitatory synaptic transmission in areas
CA1 and CA3 of the rat hippocampus. Neuropharmacology 37,
1269–1277.
